Furanic and phenolic compounds are problematic compounds resulting from the pretreatment of lignocellulosic biomass for biofuel production. Microbial electrolysis cell (MEC) is a promising technology to convert furanic and phenolic compounds to renewable H 2 . The objective of the research presented here was to elucidate the processes and electron equivalents flow during the conversion of two furanic (furfural, FF; 5-hydroxymethyl furfural, HMF) and three phenolic (syringic acid, SA; vanillic acid, VA; 4-hydroxybenzoic acid, HBA) compounds in the MEC bioanode. Cyclic voltammograms of the bioanode demonstrated that purely electrochemical reactions in the biofilm attached to the electrode were negligible. Instead, microbial reactions related to the biotransformation of the five parent compounds (i.e., fermentation followed by exoelectrogenesis) were the primary processes resulting in the electron equivalents flow in the MEC bioanode. A mass-based framework of substrate utilization and electron flow was developed to quantify the distribution of the electron equivalents among the bioanode processes, including biomass growth for each of the five parent compounds. Using input parameters of anode efficiency and biomass observed yield coefficients, it was estimated that more than 50% of the SA, FF, and HMF electron equivalents were converted to current. In contrast, only 12 and 9% of VA and HBA electron equivalents, respectively, resulted in current production, while 76 and 79% remained as fermentation end products not further utilized in exoelectrogenesis. For all five compounds, it was estimated that 10% of the initially added electron equivalents were used for fermentative biomass synthesis, while 2 to 13% were used for exoelectrogenic biomass synthesis. The proposed mass-based framework provides a foundation for the simulation of bioanode processes to guide the optimization of MECs converting biomass-derived waste streams to renewable H 2 .
Introduction
Lignocellulosic biomass is an abundant, renewable energy source for biofuel production, providing an important alternative to fossil fuels. However, pretreatment of biomass for biofuel production produces furanic and phenolic compounds, which contribute to the corrosiveness, instability, and toxicity of various biomass-derived streams, and thus present a significant challenge in downstream processes and waste disposal (Jones et al. 2009; Piotrowski et al. 2014; Monlau et al. 2014 ). Microbial electrolysis cell (MEC) is an emerging bioelectrochemical technology, which converts organic wastes in the bioanode and produces H 2 in the abiotic cathode with a small voltage input (0.3 to 1.0 V) (Liu et al. 2005) . Research in recent years has led to a wide range of MEC applications for the removal of recalcitrant pollutants, recovery of resources and chemical synthesis (Zhang and Angelidaki 2014) . Integration of MEC in biofuel production not only offers an alternative method for waste handling but also contributes to the production of renewable H 2 for the downstream hydrogenation of biomass-derived bio-oil, thus reducing the external H 2 supply currently derived from natural Responsible editor: Philippe Garrigues Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11356-018-1747-2) contains supplementary material, which is available to authorized users. gas (i.e., methane), a non-renewable fossil fuel (Lewis et al. 2015; Borole and Mielenz 2011) . In addition, furanic and phenolic compounds are highly inhibitory to H 2 -producing microorganisms in dark fermentation (Monlau et al. 2014) . MEC has the advantage of circumventing such microbial inhibition by producing H 2 in an abiotic cathode.
The potential of MEC technology has been demonstrated with a variety of biomass-derived waste streams, including lignocellulosic effluent, refinery wastewater, and switchgrass-derived bio-oil aqueous phase (Lalaurette et al. 2009; Ren et al. 2013; Lewis et al. 2015) . The fate and effect of furanic and phenolic compounds, which are among the most problematic and challenging components of biomassderived waste streams, have been investigated in our MEC studies with two furanic (furfural, FF; 5-hydroxymethyl furfural, HMF) and three phenolic (syringic acid, SA; vanillic acid, VA; 4-hydroxybenzoic acid, HBA) compounds (Zeng et al. 2015) . A MEC bioanode fed with a mixture of the abovementioned two furanic and three phenolic compounds at mixture total concentrations of 200-800 mg/L resulted in a parent compound biotransformation rate of 0.85-2.34 mM/d, soluble chemical oxygen demand (COD) removal of 49-61%, and Coulombic efficiency of 44-69% (Zeng et al. 2015) . The biotransformation of the five compounds in the MEC bioanode was carried out by two sequential sub-processes: fermentation followed by exoelectrogenesis. Fermentation of the parent compounds with open circuit or under inhibition of exoelectrogensis resulted in the production of furanic and phenolic metabolites as well as acetate (Table 1) , whereas H 2 and volatile fatty acids other than acetate (e.g., propionic acid) were not detected (Zeng et al. 2015 (Zeng et al. , 2016b . Furthermore, the acetate accumulated in the bioanode accounted for 92% of the expected cathodic H 2 if exoelectrogenesis had not been inhibited (Zeng et al. 2015) . Thus, acetate was the major substrate used in the exoelectrogenesis to produce electric current and cathodic H 2 (Zeng et al. 2015 (Zeng et al. , 2016b . However, not all furanic and phenolic compounds were fully fermented to acetate; their extent of biotransformation varied, resulting in different levels of exoelectrogenic activity (Table 1) (Zeng et al. 2017) . The different extent of fermentation was due to the difference in fermentation pathways for these compounds, as opposed to inhibition, which affected mainly exoelectrogenesis when the total concentration of the furanic and phenolic compounds mixture exceeded 1.2 g/L (Zeng et al. 2016a (Zeng et al. , 2017 . Based on the findings of previous studies, electron equivalents of the parent compounds were extracted via fermentation and exoelectrogenesis, and were then transferred to the bioanode electrode. However, the electron distribution in different components in the overall electron equivalents flow has not been sufficiently quantified. In addition to the biotransformation, non-biological processes in the bioanode need to be evaluated for their potential contribution to the overall electron equivalent flow.
Four possible processes may take place in the MEC bioanode: adsorption to the electrode, electrochemical reactions on the bioanode (independent of bioelectrochemical reactions), electrode-independent bioreactions (e.g., fermentation), and bioelectrochemical reactions (e.g., exoelectrogenesis) (Fig. 1 ). Among these four processes, our previous study demonstrated that adsorption of the five compounds to the carbon felt electrode did not take place (Zeng et al. 2015) . Due to the fact that low biomass coverage (0.07 g VSS per m 2 anode electrode surface area) of the anode carbon felt electrode was observed in our previously reportedstudy (Zeng etal.2016a) ,potentialadsorptiontothe biofilmwas expected to be negligible. The role and contribution of fermentation and exoelectrogenesis in the overall conversion of the five Table 1 Summary of experimental results on the conversion of individual parent compounds and acetate in MEC bioanodes (Zeng et al. 2015 (Zeng et al. , 2017 Zeng 2016) (Zeng et al. 2017) . However, the extent of electrochemical reactions (independent of bioreactions) was not fully evaluated. A MEC with an uninoculated anode electrode produced negligible current in the presence of the five furanic and phenolic compounds, suggesting that the presence of the bioanode microbial community was essential for the observed electroactivity (Zeng et al. 2015) . However, it is noteworthy that the formation of biofilm on the electrode could have modified the electrode-anolyte interface and thus enabled electrochemical reactions. This process is different from microbial utilizationof the compounds and is considered as a different path in the overall bioanode flow of electron equivalents. Therefore, whether or not and to what extent the electron equivalents of the five compounds were consumed in electrochemical reactions, as opposed to bioreactions or bioelectrochemical reactions, need to be further evaluated. In MEC studies, COD removal and Coulombic efficiency are commonly used parameters for the quantification of total electron equivalents extracted from substrates and those used in current production (Logan et al. 2008) . In a batch, nonmethanogenic, non-H 2 -producing MEC bioanode, the initial substrate COD is converted to current, biofilm biomass, suspended biomass, and other soluble end products. Depending upon whether soluble or total COD of the bioanode bulk solution is measured, the calculated COD removal may not appropriately account for electron equivalents used for biomass synthesis. For instance, if total COD is measured (i.e., COD converted to suspended biomass and other soluble end products), then the COD removal does not account for electron equivalents used for suspended biomass synthesis. On the other hand, if the soluble COD is measured (i.e., COD converted to soluble end products), the COD removal can account for the sum of suspended and biofilm biomass, but it does not provide information on the distribution between suspended and biofilm biomass. Furthermore, neither COD removal nor Coulombic efficiency can be used to perform electron balances for individual processes of fermentation and exoelectrogenesis in the bioanode. In a special case where glucose served as the bioanode substrate, completely degraded to known, specific biotransformation intermediates, electron balances could be performed based on stoichiometry (Freguia et al. 2008) . However, in the present study, furanic and phenolic compounds were partially biodegraded in bioanodes, and their biotransformation products have not been fully identified (Zeng et al. 2015 (Zeng et al. , 2017 . Therefore, a new approach is needed to quantify the electron equivalents flow in bioanodes for organic substrates undergoing a variable extent of biotransformation.
The objective of the work presented here was to elucidate the processes and electron equivalents flow during the conversion of the abovementioned two furanic and three phenolic compounds in a MEC bioanode. A mass-based framework of substrate utilization and electron equivalents flow in a MEC bioanode was developed, which can be applied to a wide range of complex, fermentable organic compounds used as MEC bioanode substrates.
Materials and methods

Microbial electrolysis cell
An H-type MEC, previously described in detail (Zeng et al. 2015) , was used in the present study. The MEC consisted of two glass chambers, separated by a Nafion 117 cation exchange membrane (CEM; projected surface area of 5.7 cm 2 ). The anode electrode, made of five carbon felt strips (1 cm × 1 cm × 5 cm, each) connected to a stainless steel rod using plastic cable ties, was placed in the center of the anode compartment, submerged in the anolyte (200 mL). The cathode electrode, made of platinum-coated carbon cloth (5 cm × 6 cm, 0.5 mg Pt/cm 2 ), was placed in the cathode compartment adjacent to the CEM, submerged in the catholyte (250 mL). The anolyte was a mineral microbial growth medium consisting of the following (g/L): NH 4 Cl, 0.31; KCl, 0.13; NaH 2 PO 4 ·H 2 O, 2.45; and Na 2 HPO 4 , 4.58, along with trace metals and vitamins (pH 7.0) (Liu and Logan 2004 ). The catholyte was a 100-mM sodium phosphate buffer, pH 7.0. The anolyte and catholyte stock solutions, which were both autoclaved and deoxygenated by bubbling with N 2 for 30 min, were transferred to the MEC. A graduated glass burette, filled with an acid brine solution (10% NaCl w/v, 2% H 2 SO 4 v/v) was connected to each chamber headspace for gas collection and measurement by liquid displacement. A potentiostat (Interface 1000, Gamry Instruments, Warminster, PA) was used to set a voltage of 0.6 V at the anode against the cathode in a two-electrode setup. When an anode cyclic voltammetry (CV) test was conducted, a Ag/AgCl reference electrode (6 mm diameter; 0.199 V SHE; BASi, West Lafayette, IN) was inserted into the anode chamber. The reference electrode potential was checked before each CV test, and the variation over time was within ± 0.01 V. The MEC was kept at room temperature (20-22°C).
The MEC bioanode was inoculated with an electroactive biofilm pre-enriched with a mixture of the abovementioned five furanic and phenolic compounds in the bioanode of a microbial fuel cell. After the MEC startup, the bioanode was consistently fed with the mixture of the five compounds (total concentration of 200-800 mg/L) for over 2 years, except for short-term tests conducted with individual compounds.
Biomass concentration was quantified prior to the initiation of the tests described in the present manuscript. Separate biomass samples were anaerobically removed from the bioanode biofilm (two pieces of 0.5 × 0.5 × 1.0 cm anode electrode) and the bioanode suspension (60 mL of bulk solution). The removed biofilm-carrying carbon felt pieces (< 5% of the total carbon felt) was replaced with the same size of a new, autoclaved carbon felt piece. Due to the minimal biofilm disruption, impact on the MEC performance was not observed. For each sample, protein extraction and quantification were conducted using the Pierce™ BCA protein assay kit (Thermo Scientific, Waltham, MA) following previously described procedures (Zeng et al. 2016a) . Protein concentrations measured in the biofilm and suspension samples were normalized to the MEC anode liquid volume, which allowed the calculation of the total biomass concentration as well as biofilm and suspension biomass fractions. The total biomass concentration in the anode chamber was 352 ± 10 mg/L as protein, approximately 90% of which was associated with the bioanode biofilm. The MEC bioanode biofilm microbial community consisted of fermentative and exoelectrogenic bacteria as previously described (Zeng et al. 2017 ).
Assessment of electrochemical reactions using cyclic voltammetry
CV tests were conducted with the MEC to distinguish possible electrochemical reactions due to non-active biofilm formation on the anode electrode surface from those due to microbial activities. CV tests were conducted under three sequential bioanode conditions: (1) after being starved for 1 week, i.e., unfed, non-active; (2) after being fed with substrates and mixing for 5 min, i.e., non-active and upon feeding; (3) after incubation for 1 day when the bioanode produced substantial current, i.e., fully active. Two types of substrates were tested: a mixture of two furanic and three phenolic compounds (each at 62.5 mg COD/L) for a total concentration of 200 mg/L (312 mg COD/L); and sodium acetate at 200 mg/L (156 mg COD/L). The potentiostat was connected to the MEC in a three-electrode setup for conducting the CV tests. The working electrode lead was connected to the MEC anode, the counter electrode lead connected to the MEC cathode, and the reference electrode lead connected to the Ag/AgCl electrode. The anolyte and catholyte were not mixed during the CV tests. The potential scan was from − 0.7 to + 0.3 V, and then to − 0.7 V (vs. Ag/AgCl) at a scan rate of 5 mV/s, and was repeated once for each CV test.
Development of electron equivalents flow and mass balance
A framework of electron equivalents flow in the bioanode was developed under three assumptions:
1. The extent of abiotic electrochemical reactions is negligible. This assumption was validated by the results of the present study as discussed below. 2. Methanogenic activity in the bioanode is negligible.
Results of our previous studies showed that methanogenesis did not take place unless the bioanode was overloaded with furanic and phenolic compounds
) (Zeng et al. 2016b ). 3. The bioanode is not under inhibition by furanic and phenolic compounds. The IC 50 (concentration resulting in 50% of current decrease) for the five individual compounds was determined as 1.9-3.0 g/L (Zeng et al. 2016a ).
Based on these three assumptions, the electron equivalents of a substrate were distributed into biomass and other products during the substrate utilization in the MEC bioanode (Fig. 2) . The parent compound (S p ) was first fermented to exoelectrogenic substrates (S e ; e.g., acetate) and nonexoelectrogenic end products (S ne ; e.g., aromatic fermentation products). Fermentative biomass (X f ) was produced with an observed biomass yield coefficient Y obs, 1 . In the second step, only exoelectrogenic substrates were utilized to produce electric current, which in turn resulted in cathodic H 2 production. Exoelectrogenic biomass (X e ) was produced with an observed biomass yield coefficient Y obs, 2 . I eq is defined as the total electron equivalents recovered as current over the incubation period and was expressed in COD units as follows:
where I is current (A), F is the Faraday constant (96,485 C/ mol), t is incubation time (s), and factor 8 is for the conversion of mol e − to g COD.
All other coefficients and variables are expressed in COD units to illustrate the distribution of electron equivalents. S p in COD units was calculated as the product of the amount of the parent compound utilized and the electron equivalence of the compound (Zeng 2016) .
To quantify each component in the electron equivalents flow, a mass balance was performed for the two subprocesses (i.e., fermentation and exoelectrogenesis). Biomass production was expressed using Y obs and the respective substrate utilized, as follows:
The mass balance equation during the exoelectrogenic step was as follows:
With the definition of anode efficiency, α = I eq /S p (Zeng et al. 2017) , I eq was expressed as
By substituting Eq. (5) to Eq. (4), S e was expressed in terms of S p , Y obs, 2 , and α, as follows:
Then, a mass balance was developed for the fermentative step, as follows:
Substituting the expression of X f in Eq. (2) and S e in Eq. (6) to Eq. (7), S ne was expressed as follows:
Dividing I eq , X f , X e , S e , and S ne by S p resulted in the fraction of electron equivalents of each component per unit of the parent compound. Thus, for each unit of parent compound consumed, the distribution of electron equivalents among all components can be calculated based on fractionation factors listed in Table 2 , which are based on the values of α, Y obs, 1 and Y obs, 2 as the only input parameters.
The values of α for individual furanic and phenolic compounds were obtained from our previous experimental measurements (Table 1) . The values of the biomass yield coefficients for the fermentative and exoelectrogenic bacteria were obtained based on the following reasoning. First, using a mixture ofthe two furanic and three phenolic compounds, anoverall Y obs , accounting for both X f and X e was previously estimated as 0.23 g biomass-COD/g substrate-COD removed, based on experimental measurements (Zeng et al. 2016b ). Second, typical values of true yield coefficient (Y, not accounting for decay; g biomass-COD/g degradable-COD) are as follows: fermentative bacteria, 0.18; sulfate reducing bacteria, 0.11; acetoclastic methanogens, 0.07; and hydrogenotrophic methanogens, 0.11 (Rittmann and McCarty 2001) . The theoretical yield coefficients of exoelectrogens calculated based on thermodynamics were reported as 0.1-0.3 g VSS/g COD removed (Wilson and Kim 2016), equivalent to 0.14-0.43 g VSS-COD/g COD removed. Considering the measured overall Y obs and previously reported Y values for fermentative, anaerobic respiring, and exoelectrogenic bacteria, the Y obs, 1 and Y obs, 2 values were assumed to be 0.1 and 0.15 g biomass-COD/g substrate-COD removed, respectively. The overall yield coefficient of 0.25 g biomass-COD/g substrate-COD removed (Y obs, 1 and Y obs, 2 ) agrees well with the experimental measurement (0.23 g biomass-COD/g substrate-COD removed) as stated above. Furthermore, a sensitivity analysis of Y obs, 1 and Y obs, 2 was conducted on current (I) production per COD unit of parent compound utilized (Text S1). Results showed that varying Y obs, 1 and Y obs, 2 by ± 100% independently resulted in marginal changes of I eq , up to ± 10% and ± 13%, respectively (Fig. S1) . Thus, potential discrepancy between the actual and assumed Y obs, 1 and Y obs, 2 values was not expected to have a substantial impact on the distribution of electron equivalents. Results and discussion
Extent of electrochemical reactions
To evaluate the extent of electrochemical reactions on the biofilm electrode, independent from microbial reactions, a CV test was conducted with active (i.e., fed, current generating) and non-active (i.e., unfed, starved, and no current generating) bioanodes. Duplicate scans resulted in consistent voltammograms. For clarity, only the first scan under each condition is presented. As shown in Fig. 3a , except for one small peak observed around − 0.35 V, the voltammogram of the non-active bioanode upon the addition of the compounds mixture was almost identical to that of the non-active bioanode in the absence of the compounds. Thus, the non-bioactive biofilm did not have a substantial contribution to the current production. In contrast, the CV test conducted with the bioanode after 1 day of incubation with the five compounds, when the bioanode actively produced current, resulted in a sizable oxidation peak (Fig. 3a) . Therefore, biofilm bioactivity was the major contributor to the observed current production, whereas the contribution of the electrode surface with an inactive biofilm attached was negligible.
As stated above, bioreactions in a bioanode fed with furanic and phenolic compounds consisted of two sub-processes: fermentation and exoelectrogenesis. Acetate is a common intermediate produced from the fermentation of the furanic and phenolic compounds, which is then used as a substrate in exoelectrogenesis (Zeng et al. 2015) . To directly examine the exoelectrogenic activity of the bioanode, another CV test was conducted using sodium acetate as the substrate. As shown in Fig. 3b , the non-active bioanode produced only capacitance current, either in the presence or absence of acetate. In contrast, after 1 day of incubation with acetate, the voltammogram of the bioanode showed a substantial oxidation peak at around − 0.3 V (Fig. 3b) . Thus, the oxidation peak was not associated with electrochemical acetate oxidation, but rather resulted from other bioreaction(s). To further confirm that electrochemical acetate oxidation was negligible, the active bioanode was anaerobically rinsed with anolyte to remove acetate, and the CV test was conducted again with the bioanode in fresh anolyte. It is noteworthy that the same oxidation peak was observed in the voltammogram of the rinsed bioanode at a comparable height to that of the active bioanode, despite the slight shift of the baseline capacitance current (Fig.  3b) . Therefore, the extent of electrochemical acetate oxidation was negligible relative to the extent of microbial reactions (i.e., exoelectrogenesis).
In the rinsed bioanode, residual acetate was not detected, and soluble electron transfer mediators, if previously produced by exoelectrogens, were expected to have been removed as well. However, the voltammogram of the rinsed bioanode showed an oxidation peak at a comparable height to that observed before the rinses (Fig. 3b) , which might be explained as follows. First, acetate and/or electron transfer mediators in the biofilm may not have been completely removed by anolyte rinses. Second, exoelectrogens can perform direct extracellular electron transfer using outer-membrane bound c-type cytochromes or nanowires. Thus, electrons can be transported to the electrode without relying on soluble electron transfer mediators, as is the case in the indirect electron transfer mechanism (Bond et al. 2012; Marsili et al. 2008 ). More importantly, to continue performing exoelectrogenesis, exoelectrogens can possibly store carbon compounds intracellularly as polymers and then consume these carbon storage compounds when external carbon sources are depleted (Freguia et al. 2007 ). In addition, electrons released by exoelectrogenic biofilms as well as electrolyte charges can be stored at the pore surface of carbon electrodes (Borsje et al. 2016) , which combined with bacterial carbon storage may explain why exoelectrogenesis was not immediately stopped upon the removal of acetate from the bioanode.
The difference in voltammograms between the active and non-active bioanodes was consistently observed for acetate and for the furanic and phenolic compounds, which strengthens the conclusion that electrochemical reactions in the bioanode were negligible. Collectively and considering the findings of our previous studies on the assessment of adsorption, bioreactions, and bioelectrochemical reactions (Zeng 35986 Environ Sci Pollut Res (2018) 2015, 2017) , it is further ascertained that fermentation and exoelectrogenesis are the two primary processes contributing to the electron equivalents flow in the bioanode (Fig. 2) .
Quantification of electron equivalents flow
Each component in the electron equivalents flow presented in Fig. 2 was calculated for the utilization of FF, HMF, SA, VA, and HBA in the MEC bioanode. The fractions of electron equivalents in biomass (X f and X e ), current (I eq ), and nonexoelectrogenic end products (S ne ) are presented in Fig. 4 . More than 50% of the electron equivalents of SA, FF, and HMF were converted to current, whereas only 12 and 9% of VA and HBA electron equivalents, respectively, were used for current production. The fractions of electron equivalents used for current production were directly estimated by the parameter of anode efficiency (α), the value of which was obtained from previous experiments (Table 1 ) and had a coefficient of variation within ± 5% (Zeng 2016 (Zeng , 2017 . Based on these calculations, during the biotransformation of VA and HBA, 76 and 79% of electron equivalents, respectively, remained as persistent end products (S ne ) not utilized for current production (Fig. 4) . Consistent with this estimation, our previous experimental work showed that the fermentative biotransformation of VA and HBA in the MEC bioanode resulted in catechol and phenol, respectively, as the major dead-end products, which accounted for 80% of the VA and HBA based on carbon balance (Zeng et al. 2017 ). Compared to VA and HBA, the biotransformation of SA was estimated to result in a smaller quantity of persistent end products (S ne ), accounting for 31% of the SA electron equivalents (Fig. 4) . Our previous study reported a major pathway for complete SA fermentation to acetate in a MEC bioanode (Zeng et al. 2017) . The estimation that 31% of the SA electron equivalents remained in persistent end products indicated that other minor pathways for SA fermentation might exist, which warrant further investigation. The estimated fraction of persistent end products (S ne ) during the biotransformation of FF and HMF was as low as 5 and 24%, respectively (Fig. 4) . Fermentative pathways of FF and HMF in bioanodes have not been elucidated. However, the low fraction of S ne suggests that the majority of electron equivalents of FF and HMF were effectively utilized for current production. For all five compounds, 10% of the initial electron equivalents were used for fermentative biomass synthesis (X f ; Fig.  4) . Although the present study used the same Y obs, 1 value for all five compounds, future improvement can be made by experimentally estimating specific Y obs, 1 for each parent compound based on bioenergetic principles (Rittmann and McCarty 2001) , if specific stoichiometric reactions become well-understood. Exoelectrogenic biomass synthesis (X e ) accounted for 2-13% of the initial electron equivalents (Fig.  4) , relative to the amount of exoelectrogenic substrate produced from fermentation (S e , 11-85%). Considering acetate as the exogenous bioanode substrate, the estimated X e and I eq were 15 and 85%, respectively, based on the proposed framework and the Y obs, 2 value of 0.15 g biomass-COD/g substrate-COD removed. The estimated I eq is highly consistent with the experimentally measured anode efficiency (α, 84%; Table 1 ) of the MEC fed with acetate (Zeng 2016) . Microbial community analyses conducted at different bioanode development stages and under different operating conditions were extensively discussed previously (Zeng et al. 2017) . The fermentative community included species mainly from the Firmicutes phylum, in genera of Eubacterium, Acetobacterium, Anaerovorax, and Clostridium. A number of species in these genera perform fermentation and can degrade phenolic compounds (Bache and Pfennig 1981; Haddock and Ferry 1989; Zhang and Wiegel 1990) . The exoelectrogenic community was mainly associated with the Proteobaceria phylum in genera of Geobacter and Desulfovibrio, which are considered as putative exoelectrogens (Logan 2009; Kang et al. 2014) . In the present study, the relative abundance of fermentative and exoelectrogenic biomass varied among the five compounds (Fig. 4) , as it is related to the relative extent of fermentation and exoelectrogenesis supported by the different substrates. A similar trend was observed in our previous study where the relative abundance of fermentative and exoelectrogenic species changed in response to the organic loading rate of the MEC bioanode (Zeng et al. 2016b) . By increasing the organic loading rate of the mixture of two furanic and three phenolic compounds by eightfold, the fermentative activity was greatly promoted. As a result, the microbial community shifted from exoelectrogens-dominated to fermenters-dominated, according to 16S-rRNA gene analysis (Zeng et al. 2016b ). The proposed framework of substrate utilization and electron distribution can be useful to the development of electron balances in bioanodes, especially when COD measurements and transformation products are not available. The anode efficiency (α) accounts for the persistent transformation products (S ne ), and its value can be easily calculated based on current measurements and the concentration of the parent compound(s) removed (in COD units). The other two parameters needed in the calculation are Y obs, 1 and Y obs, 2 . Obtaining values of Y obs, 1 and Y obs, 2 can be a challenge as the total biomass (X f + X e ) is usually measured. As mentioned above, if specific stoichiometric reactions are available, Y obs, 1 and Y obs, 2 may be estimated based on bioenergetic principles (Rittmann and McCarty 2001) . Nevertheless, the sensitivity analysis described in Text S1 suggests that a variation of Y obs, 1 by ± 100% results in a maximum ± 10% change in the fraction of current (I eq ) in the electron flow for any of the five compounds (Fig. S1A) . Similarly, the effect of varying Y obs, 2 by ± 100% on the fraction of I eq was as low as ± 2% for VA and HBA, and up to ± 13% for SA, FF, and HMF (Fig. S1B) .
The proposed methodology for the electron equivalent flow can serve as a foundation to develop more complex frameworks. First, the assumption of no inhibition can be relaxed by accounting for the inhibitory effect of substrates on exoelectrogenesis. Values of α and Y obs, 2 will need to be modified based on the extent of inhibition. Second, if methane production accounts for a measurable diversion of substrate electron equivalents in a bioanode, methanogenesis can also be added to the framework in parallel with exoelectrogenesis after fermentation. Third, the estimated X f and X e in the present study accounted for the total biomass associated with biofilm and in suspension. To distinguish between biofilm and suspended biomass, appropriate biomass distribution factors can further be developed and applied. As stated above, although approximately 90% of the biomass was associated with biofilm in the MEC used in the present study, suspended biomass can play an important role in fermenting parent compounds to exoelectrogenic substrates (Zhang et al. 2009 ). Moreover, although the above-described mass balance-based framework was developed based on individual parent compounds, simulation of a mixture of known compounds used as bioanode feed can be implemented by accounting for the metabolic fate of each individual parent compound. In the case where a complex, un-defined organic mixture is used as a bioanode feed, the values of α, Y obs, 1 and Y obs, 2 will need to be obtained experimentally or from the literature.
An important application of the above-presented, massbased framework is to simulate bioprocesses in MEC bioanodes by introducing kinetic rate expressions for the utilization of S p and S e , as well as for biomass production. S p utilization in the fermentation sub-process can be described by Monod kinetics, while S e utilization in the exoelectrogenic sub-process can be described by Nernst-Monod or ButlerVolmer kinetics (Hamelers et al. 2011; Kato Marcus et al. 2007; Korth et al. 2015) . Using rate expressions and the above-described distribution of electron equivalents in each sub-process, mass rate balance equations for either batch or continuous-flow reactors can then be developed for dynamic simulation of the overall process.
Conclusions
Fermentation and exoelectrogenesis in the MEC bioanode were the primary processes in the conversion of furanic and phenolic compounds to current or cathodic H 2 ; the extent and distribution of non-biological, electrochemical reactions was negligible. A mass-based framework was developed to describe and quantify the electron equivalents flow during the utilization of individual furanic and phenolic compounds. Electron equivalents in current, biomass, persistent transformation end products, as well as intermediate exoelectrogenic substrate were estimated based on values of anode efficiency and observed biomass yield coefficients. The fraction of electron equivalents used for current production varied substantially among the five compounds and was inversely proportional to the electron equivalents remaining as persistent end products. The findings of the present study advance our understanding of the processes and electron flow in MEC bioanodes fed with complex, fermentable organic compounds resulting from the pretreatment of biomass. The proposed mass-based framework of substrate utilization and electron flow can be used for the simulation of bioanode processes to guide the optimization of MECs converting biomass-derived waste streams to renewable H 2 .
